The absorption of Zn or Fe from breakfast meals containing oat porridge prepared from malted and soaked oats and a control porridge made from untreated oats was measured in human subjects. The effect on Zn and Fe absorption of reducing the phytate content of oat-porridge meals was examined in each subject by extrinsic labelling of porridge with 6bZn and of bread rolls with 56Fe and 59Fe, and measuring whole-body retention and the erythrocyte uptake of isotopes. Each experiment comprised nine to ten subjects. The absorption of Zn from mdted-oat porridge with a phytate (inositol hexaphosphate) content of 107 pmol was 18.3 YO, and significantly higher (P < 0-05) than from the control porridge containing 432 p o l phytate (11.8 Yo). Fe absorption from the meal containing malted-oat porridge with 107 p o l phytate (Expt 2) was also significantly improved (P < 0.05) compared with that from the meal containing control porridge with 437 p o l phytate. The average increase in Fe absorption was 47 %, or from 4.4 to 60%. In the breakfast meal containing malted porridge with 198 pmol phytate (Expt 3) the increase in Fe absorption was not significantly improved. Even though the phytate content was reduced to a greater extent in Expt 3 than Expt 2, the average increase in Fe absorption in Expt 3 was only 25 70 more than that from the meal containing control porridge (with 599 p o l phytate), depending on the higher absolute amount of phytate. In conclusion, an improvement in Zn and Fe absorption from oat products can be achieved by practising malting and soaking in the processing of oats. This may be of importance in the prevention of mineral deficiency in vulnerable groups. Zinc: Iron: Phytate: Oats Oats are considered to be a nutritious cereal grain and new applications and oat products are frequently developed. However, mineral availability can be impaired at high intakes of oat products owing to the presence of high concentrations of phytate (inositol hexaphosphate; IP-6). Rossander et al. (1990) studied the inhibitory effects of oat products on non-haem-Fe absorption in human subjects from single meals and found that oat bran and oat porridge markedly inhibited Fe absorption. The effect on Fe stores in young, healthy subjects after dietary changes from a diet with a relatively high fat and low fibre content to a low-fat, high-fibre and high-phytate diet was investigated in a long-term study by Sandstrom (1993) . It was found that the ferritin levels in blood were reduced during the 8-month dietary change. The absorption of Zn from single meals based on rye, oatmeal, barley, triticale and whole wheat was also evaluated , and the lowest Zn absorption was observed from oatmeal porridge (8.4 %), which also contained the highest amounts of phytate. Sandstrom et al. (1987) concluded that when phytate-rich cereals constitute a major part of the total Zn intake of a diet, processes that reduce the 
phytate content could significantly improve the absorption of Zn. The high content of phytate combined with a low phytase (EC 3.1.3.26) activity and heat inactivation during treatment of all commercial oat products suggests that mineral absorption from oat products is less than that from other cereals.
We recently reported (Larsson & Sandberg, 1992) that it is possible to reduce the phytate content in oats to low levels by malting and soaking under optimal conditions. The aim of the present study was to confirm that malting of oats, resulting in a lower phytate content, improves Zn and Fe absorption.
MATERIALS A N D METHODS
Oats were malted in a pilot-plant process or in the laboratory according to methods previously described (Larsson & Sandberg, 1992) . Malting in the pilot plant was performed at Svenska Cereallaboratoriet AB, Sweden. Oats were dehulled by an industrial process (Kungsornen AB, Jarna, Sweden) and steeped for 6.5 h at 25". Germination was performed at 15" in rotating chests in which the temperature and moisture content were controlled precisely. To maintain adequate grain moisture during germination, air, which had been humidified (90 % relative humidity), was passed through the chests. The oats were allowed to germinate for 120 h and were subsequently dried at 30" for 18 h. The material was further heat-treated in a step-wise process from 30 to 80" according to the following schedule: 2 h at 40", 2 h at 50°, 8 h at 65" and 10 h at 80". Malting in the laboratory was performed using a laboratory incubator (Memmert Model BKE 30; Memmert GmbH, Schwabach, Germany) . Oats were dehulled with a laboratory dehuller (NygPrd kvarn, Vargon, Sweden) and steeped for 7 h at 25". The steeped oats were spread in single layers on trays and dried at 30" for 1 h in order to achieve the correct moisture conditions during germination. During the germination period the oats were moistened with water two to three times during the day. The incubator was held at 15" and the oats were germinated for 5 d, and subsequently dried overnight at 30".
Expt I . Zinc absorption
Preparation of rnalted-oat porridge. Oats malted in the pilot plant (dried at 80") were ground to a flour in a coffee mill (Model Kenwood CG 100; Kenwood Ltd, Havant, Hants) before soaking. Samples of malted-oat flour (30 g portions of test meal) were suspended in 150 ml distilled water in plastic beakers and soaked first for 17 h at room temperature (23") and then for 8 h at 37.8". After soaking, the samples were kept at 4" overnight. The samples were frozen the following day and kept at -20" until used. Immediately before serving, samples were thawed at low power in a microwave oven. Each portion was prepared by cooking in a microwave oven for 2 min.
Experimental design. Zn absorption was determined using the radionuclide technique described by Arvidsson et al. (1978) . Each individual meal was extrinsically labelled by the addition of 0.02 MBq 65ZnC1, (Amersham International, Amersham, Bucks.) and the activity of each porridge was measured in the whole-body counter before serving. Each subject's background was also measured in the whole-body counter before intake of the labelled test meal. The meals were served as breakfast. No food or drink was allowed during the 12 h period before breakfast or 3 h after intake of the test meal. The whole-body retention was measured once, 10-14 d after intake of the meal to allow excretion of the unabsorbed fraction. Allowance was made for the excretion of the initially absorbed isotope during the time between intake and retention measurement, based on the mean rate of excretion of an intravenously-administered dose of ssZn in a similar group of subjects (Arvidsson et al. 1978) . Each subject participated twice, and the sequence of serving the malted porridge and control porridge to the subjects was randomized. Allowance was also
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made on the second occasion for residual activity from the first meal. During the first 10 d, 1 1 (SD 0.3) % of the absorbed dose was excreted, and the mean excretion from day 10 to day 30 was 10%. The CV due to counting statistics of a typical retention value from the administered dose was 1.5 %.
The meals consisted of porridge prepared from the suspension described previously: 30 g malted-oat flour (test meal) or 30 g untreated (control meal), dehulled and ground oats (from the same batch as the malted oats). The porridge was prepared by adding 1 g table salt and cooking in a microwave oven for 2 min. The isotope was added to the porridge after heating. The porridge was served without any addition of milk or jam.
Subjects. Seven females and three males between 21 and 30 years of age volunteered to take part in the study. All ten subjects participated twice. They were all apparently healthy, not pregnant and with no known gastrointestinal disorders, and had normal serum Zn levels of 9.3-12-2 (mean 11.0) pmol/l. The subjects were given written and oral information about the aim and procedure of the study and the project was approved by the Ethics Committee and the Isotope Committee at Sahlgren's Hospital.
Expts 2 and 3. Iron absorption Fe absorption was measured in two experiments with malted-oat porridge prepared in different ways and at two levels of phytate.
Preparation of malted-oatporridge. In Expt 2, oats malted in the pilot plant (dried at 80") were ground to a flour in a coffee mill before soaking. Samples of malted-oat flour (30 g) were suspended in 300 ml distilled water in plastic beakers and soaked first for 16 h at room temperature and then for 7 h at 37.8".
After soaking, 175 ml of the supernatant fraction was removed from each sample to reduce the volume of the fluid and, thus, achieve an acceptable consistency of the porridge, and the remaining 125 ml was transferred to a plastic jar. The beaker was rinsed with 25 ml of the supernatant fraction and this volume was added back to the oat-flour slurry, resulting in a sample volume of 150 ml, which was kept in the refrigerator ( + 4") overnight.
On the following day each portion of test porridge was prepared by cooking the sample in a microwave oven for 2 min.
The control porridge portion was prepared by mixing 150 ml distilled water with 30 g untreated, dehulled and ground oats (from the same batch as the malted oats) and 2 g salt, and then cooking in a microwave oven for 2 min.
In Expt 3, oats malted in the laboratory were dried at 30" and ground to a flour. Samples of malted-oat flour (32 g) were suspended in 150 ml distilled water and soaked for 9 h at 38". After soaking, the samples were kept in the refrigerator overnight. On the following day each portion of test porridge was prepared by cooking the sample with 2 g salt in a microwave oven for 2 min. The control porridge was prepared by mixing 150 ml distilled water with 36 g untreated, dehulled and ground Gats and 2 g salt, and then cooking in a microwave oven for 2 min. Untreated oats have a higher moisture content than oats that have been malted and dried at 80" and, therefore, different amounts of ground oats were used for the preparation of oat porridge.
Experimental design. Fe absorption was determined using the method described by Eakins & Brown (1966) with the exception that 5 mg radio-Fe is used instead of 10 mg in order to keep the administered dose of radioactivity at a lower level. The principle and basic requirements for the determination of non-haem-Fe absorption, including radioisotope measurements, calculation of absorption and sources of error in measurements of food Fe absorption, have been described previously (Hallberg, 1980) .
The different portions of test porridge and control porridge (A and B) were served in breakfast meals on alternate mornings after overnight fasting, on four consecutive days in the order ABBA or BAAB. Each control or test meal consisted of one wheat roll labelled with two different radio-Fe isotopes, 55Fe and 59Fe. At 2 weeks after the final breakfast a blood sample was withdrawn to determine the content of 55Fe and 59Fe. The total retention of 59Fe was measured by whole-body counting at the same time and the total retention of 55Fe was calculated from 55Fe: 59Fe in erythrocytes. One oral reference dose of FeSO, was then given to the fasting subject as well as a second dose on the following morning. The absorption of the reference dose was then measured by whole-body counter 2 weeks later.
Oral reference dose. A solution of 10 ml 0.01 mol HCl/1 containing 3 mg Fe as FeSO, and 30 mg ascorbic acid labelled with "Fe was used as a reference in all subjects. The 10 ml vial containing the Fe solution was rinsed twice with water and this was also consumed. Each subject received two reference doses on two consecutive mornings after overnight fasts. No food or drink was allowed for 3 h after the reference dose. Each subject received a total of 55.5 kBq 55Fe.
Bread making. The rolls were baked from 40 g unfortified white wheat flour of 55 % extraction, table salt, yeast, sugar and water. The native Fe content of the flour was 0.2 mg/40 g flour. FeSO, was added in an amount corresponding to 1.9 mg Fe/40 g flour. The dough was fermented for 1 h at 23". It was then kneaded, and weighed amounts were transferred to small A1 forms which were left standing for 10 min of further fermentation. The rolls were then baked at 250" for 15 min. During the mixing of the dough the rolls were labelled with two different radio-Fe isotopes (55Fe and 59Fe); each roll was labelled with 002 MBq (0.5 pCi) 55Fe or 0.03 MBq (0.75 pCi) 59Fe. The radio-Fe was added as highspecific-activity FeC1, in 0-01 M-HCl. Several studies have shown that it is possible to label uniformly almost all non-haem-Fe compounds in a meal by using this method (Cook et al. 1972; Hallberg & Bjorn-Rasmussen, 1972) .
Subjects. Eighteen subjects, six men and twelve women, participated in the experiments. All subjects were healthy volunteers, aged 1947 years, and each group of nine subjects included three men and six women. Some of the subjects in each group were regular blood donors, which provided a reasonable range of inter-subject variation in Fe absorption. All subjects had normal haemoglobin levels of 130-157 (mean 141) g/l. The volunteers were given oral and written information about the aims and procedures of the study. The project was approved by the Ethics Committee and the Isotope Committee at Sahlgren's Hospital.
Meal composition. Each control or test meal consisted of one wheat roll prepared as described previously. The rolls were divided into two halves and served with margarine (6 g per half) and orange marmalade (5 g per half). Coffee (150 ml) was served with the meal. The test and control porridges were made according to the preparation of porridge (Expts 1 and 2) described previously. They were boiled with 2 g table salt and served without milk. Orange juice (150 ml) was served with all meals and was prepared from a frozen concentrate, reconstituted with water. The ascorbic acid content of the meal was 70 mg and the total Fe content was between 3-4 and 3.6 mg.
Zron absorption measurements. The relative absorption of 55Fe and 59Fe was calculated from analyses of blood samples. The absolute absorption of the two tracers was calculated from a whole-body count of 59Fe and the relative absorption of the two tracers. The analyses of 55Fe and 59Fe in blood was made by means of the method described by Eakins & Brown (1966) . All procedures and calculations have been described previously (BjornRasmussen et al. 1974; Hallberg, 1980) .
Expressing results of iron absorption measurements. By measuring absorption of 55Fe in each subject both from the meals and from the reference dose, the results can be expressed as a regression line between the two absorption measurements. A difference in Fe absorption between two meals can then be assessed by comparing the slopes of the regression lines relating meal Fe absorption to absorption of the reference dose. Earlier studies indicated that such regression lines are linear and that it is reasonable to assume that the regression
line passes through the origin (Magnusson et al. 1981) . This implies that the ratio of mean absorption from a meal to that from the reference dose is a measure of relative bioavailability of non-haem-Fe in the meal. To describe Fe absorption from a given meal, an expression is needed that is more concrete and absolute than the absorption ratio between the meal and reference dose. It is more meaningful to state the amount of Fe absorbed from meals at a specific absorption of the reference dose. In Fe balance considerations it is important to know the Fe absorption from various meals in subjects who are borderline deficient, that is subjects with absent Fe stores who have yet not developed anaemia. The absorption of the reference dose in such subjects has been assessed to be about 40%. Mean, median values and standard deviations of absorption values corresponding to a reference dose absorption of 40 % can thus be calculated from groups of subjects.
Analytical methods
Duplicate samples (2.0 g) of freeze-dried porridge were analysed for their contents of Fe and Zn. All glassware was washed in 2.5 M-HC~ and rinsed in deionized water before use. Fe and Zn were determined by atomic absorption spectrophotometry (Perkin Elmer Model 360; Perkin Elmer Co., Norwalk, CT, USA) after dry-ashing at 450". After cooling, three drops HNO, (430 ml/l) were added, the ashing was continued, a further three drops HNO, were added and the ashing then continued until a white or yellow residue remained. The ash was dissolved in 5 ml 5 M-HC~ and allowed to stand under cover overnight. The solutions were transferred with demineralized water to 25 ml volumetric flasks, made up to volume and left for at least 4 h before analysis. Reference standards for Zn and Fe were prepared from Titrisol (Merck, Darmstadt, Germany). Reference standard materials for Zn and Fe with concentrations representative of those found in the test meals were run simultaneously and were seen to fall within the certified range (Orchard Leaves SRM 1571 and Bovine Liver SRM 1577 (a), National Bureau of Standards, USA). The CV for control materials of Zn and Fe were 3.1 and 4.4% respectively.
Analysis of phytate and its degradation products was carried out on untreated oats, control porridge and test porridge. Duplicate samples of freeze-dried material (0.5 g) were extracted with 20 ml 0.5 M-HCl for 3 h. The inositol phosphates were separated from the crude extract by ion-exchange chromatography and determined by ion-pair C,, reversephase HPLC using formic acid-methanol (Merck) and tetrabutyl-ammonium hydroxide (Fluka Chemie AG, Buchs, Switzerland) in the mobile phase. The mobile phase was prepared by mixing 560 ml methanol with 540 mlO.05 M-formic acid in water. Tetrabutylammonium hydroxide (1 5 ml) was added. The amounts of inositol phosphates (tri(IP-3)-, tetra(1P-4)-, penta(1P-5)-and hexa(1P-6)-) were determined by HPLC, according to Sandberg & Adherinne (1986) and Sandberg et al. (1989) . The analysis was performed using a HPLC pump (Waters model 510; Waters Associates, Milford, MA, USA) equipped with a C,, Chromasil (pore size 5pm) column (150mm, 2mm i.d.). The inositol phosphates were detected by refractive index (ERC-75 10 RI-detector; Erma Optical Works Ltd, Tokyo, Japan). Retention times and peak areas were measured using a Hewlett Packard analytical data system (HP 3350; Hewlett Packard, Palo Alto, CA, USA). Injections were made with a Poole 2 0 4 loop. The precision of the HPLC method was tested by repeating the extraction and analysis of the same batch of wheat bran in twelve replicate samples. The mean of wheat-bran samples was 469 (SD 1.5) ymol/g (dry basis). The same procedure was applied to four samples of rye (wholemeal flour) and four samples of phytase-deactivated oats (wholemeal flour). Mean values were 10.3 (SD 0.2) and 9.9 (SD 0.35) pmol inositol hexaphosphates/g (dry basis) respectively. The precision of the HPLC method was estimated from these results to be about & 3 % (CV).
The phytate content of the porridge in the present study was expressed as ymol inositol hexaphosphate. For comparison of our results with previous studies, where phytate content was expressed as mg, we converted the inositol phosphate contents expressed as mg to pmol. The following molecular weights (P) were used for this conversion: IP-3 93 g/mol, IP-4 124 g/mol, IP-5 155 g/mol and IP-6 186 g/mol. In two of the studies used for comparison (Hallberg et al. 1989; Rossander et al. 1990 ) this was not possible since the separate inositol fractions were not analysed in these studies. The conversion of these values from mg to pmol was made by multiplying mg by the molecular weight of , these values therefore, should be regarded as estimates of the phytate content given in pmol.
Phytate hydrolysis Phytate hydrolysis in untreated oat flour after cooking in the microwave oven for 2 min was determined by analysis of phytate content before and after soaking at 37.8' for 17 h and was compared with phytate hydrolysis in untreated oat flour, soaked without cooking. After soaking, the samples were freeze-dried before analysis of phytate (IP-6).
Statistical analysis
The significance of the differences between the absorption of the isotopes in each study was calculated by use of Student's t test for paired observations.
RESULTS

Zinc absorption
Zinc absorption measurements. The Zn and phytate contents of the different porridge meals and the absorption of Zn are given in Table 1 . The Zn absorption from the control porridge prepared from untreated oats, with a phytate (inositol hexaphosphate) content of 432 pmol, was 11.8 %. The serving of the malted-oat porridge with a phytate content of 107 pmol enhanced Zn absorption significantly ( P < 0-05), to 18-3 %.
Iron absorption
Iron absorption measurements. The Fe absorption from different breakfast meals is shown in Table 2 . In Expt 2 the phytate content in the test porridge was 107pmol and in the control porridge 437 pmol. The mean individual absorption ratio (test porridge meal: control porridge meal) was 1.47 (P<O.O5). In Expt 3 a tendency towards a higher absorption from the malted-porridge meal than from the control-porridge meal was observed which did not, however, reach statistical significance. The mean of the ratios calculated from the different individual Fe absorptions in this experiment was 1.25. absorption experiments are shown in Table 3 . In the Zn absorption experiment (Expt 1) the sum of IP-3, IP-4, IP-5 and IP-6 in the control and the test porridge was found to be similar to the values from determinations of the porridge served in Expt 2 (Fe absorption). In Expt 3 (Table 2 ) the phytate content was higher; the control porridge contained 599 pmol per portion and the test porridge 198 pmol per portion. Phytate hydrolysis in oat samples after cooking in the microwave oven. The IP-6 content of untreated, dehulled and ground oats was reduced by 65 % from 16-2 to 5.8 ,umol/g (3.0-1.1 mg) during soaking at 37.8" for 17 h. When the soaking was repeated with ground oats, cooked in the microwave oven for 2 min, only a small reduction was observed (8 YO), and there was less formation of hydrolysis products of phytate.
Phytate analysis. The inositol phosphate contents of the meals served in the Zn and Fe
DISCUSSION
In the present study, malting and soaking of oats reduced the phytate (IP-6) content by 77% and doubled the amount of Zn absorbed, as compared with oat porridge prepared from untreated oats. The average individual increase in Fe absorption was 47 % from oat porridge with 107 pmol phytate (Expt 2).
The absorption of Zn and Fe in the present study was estimated from measurements of the whole-body retention from radio-labelled meals. Zn absorption was measured by adding radio-Zn to porridge, and Fe absorption was measured by giving porridge with a bread roll containing the radio-Fe. The reason for this was to achieve a similar experimental design to that used in previous studies (Sandstrom et aZ. 1987; Rossander et QZ. 1990; Brune et al. 1992), and thereby facilitate comparison of the observations in our study with previous results. Extrinsic labelling of meals or diets with radioactive isotopes, followed by measurement of whole-body retention or enrichment in, for example, blood, has been shown to give a valid and precise determination of the absorption of Zn and Fe for a range of foods (Hallberg & Bjorn-Rasmussen, 1972; Arvidsson et al. 1978) . These previous studies found that, with few exceptions, a complete and rapid isotopic exchange occurs in a majority of foods items. Thus, the absorption of radio tracers can be expected to be the same from the porridge and the bread roll.
Several studies of cereal-based meals have confirmed the negative effect of phytate on Zn absorption in human subjects (Turnlund et al. 1984; Sandstrom et al. 1987; Kivisto et al. 1989) .
When data obtained in these studies are evaluated together, low absorption values, less than 15%, are consistently observed when the phytate content of the test meal is above 400 pmol. Navert et al. (1985) studied Zn absorption from bread meals containing wheat bran fermented for varying lengths of time. The absorption of Zn increased from 9.6 YO to 19.8 % when the phytate content (sum of IP-3 to IP-6) was reduced from 520 pmol(97 mg phytate-P) to 230 pmol (26 mg phytate-P) by 16 h of fermentation, thus suggesting that the Zn absorption was improved by the fermentation process. These values are almost identical to our observations. The breads in the study by Navert et al. (1985) were not analysed by HPLC but by the earlier precipitation techniques that do not separate the different inositol phosphates. Since the values obtained with the Fe precipitation methods may result in overestimation of phytate, Sandstrom & Sandberg (1992) , in a recent study, re-analysed the freeze-dried samples studied by Navert et al. (1985) , using the HPLC method described previously, and these data have been used for comparison with the results from our study. In another study, Sandstrom et al. (1987) (1987) contained different amounts of Zn and were served with milk, which may have influenced the results. Both human (Sandstrom & Sandberg, 1992) and animal studies (Lonnerdal et al. 1989 ) have indicated that inositol phosphates containing less than five phosphate groups may induce lower inhibition of mineral absorption than IP-5 and IP-6. Studies with sucking rats suggest that pure fractions of inositol phosphates containing less than five phosphate groups produced via non-enzymic hydrolysis have no effect on Zn absorption (Lonnerdal et al. 1989) . In a recent study (Sandstrom & Sandberg, 1992 ) the inhibitory effects of isolated inositol phosphates on Zn absorption in human subjects was investigated. Zn absorption was impaired when pure fractions of IP-5 and IP-6 produced by non-enzymic hydrolysis were added to a white bread, while the addition of 400 pmol IP-4 had no effect. In the present study, malting and soaking resulted in phytate hydrolysis and, as shown in Table 3 , IP-3 and IP-4 constituted a considerable fraction of the total inosital phosphates in malted-oat porridge. In the Zn experiment, 13 O h of the inositol phosphates comprised IP-3, 21 YO IP-4, 18 YO IP-5, and 48 % IP-6.
However, when phytate is hydrolysed, different isomers of inositol phosphates can be produced depending on whether the hydrolysis is non-enzymic or enzymic, and whether cereal or microbial phytases are used. As it is possible that the configuration of the phosphate groups may affect the complexing capacity of the molecule, direct comparisons between the present and previous studies such as Lonnerdal et al. (1989) and Sandstrom & Sandberg (1992) are difficult.
In the present study the Fe absorption from the bread rolls served with the porridge made from malted-oat flour was higher than the absorption from that served with the control porridge prepared from untreated oat flour. The serving of malted-oat porridge in the breakfast enhanced fractional Fe absorption by about 36 YO, but the percentage absorption was still relatively low, i.e. 6 % v. 4.4 %, or, if calculated in absolute amounts, 3.6 pmol (0.20 mg) v. 2.7 pmol (015 mg) absorbed Fe. A further improvement in Fe absorption may be possible by increasing the length of hydrolysis. Oat flour was soaked for only 7 h at 37.8", resulting in a phytate reduction of about 77 YO. Longer periods of soaking introduce a sourish taste in the malted-oat porridge. By further modification of the preparation of malted-oat porridge it might be possible to achieve lower phytate levels and, thus, increased Fe absorption (while maintaining an acceptable taste). The inhibitory effect of phytate has been found to be counteracted by ascorbic acid, and the relative effect of ascorbic acid was more marked the more the Fe absorption was inhibited by phytate (Hallberg et al. 1989 ). Thus, a feasible way to improve further the Fe absorption from the malted-oat porridge is to increase the ascorbic acid content of the meal.
The effect of phytate on non-haem-Fe absorption has been extensively investigated. Hallberg et al. (1989) concluded that the inhibition of non-haem-Fe absorption by phytates in human subjects is dose-dependent and that even a small amount of phytate causes marked inhibition. The greatest decrease in Fe absorption was found at the lowest levels, from 2 to 10 mg (10-53 pmol) phytate-P. After the addition of 10-250 mg (53-1344pmol) phytate-P the rate of decrease in Fe absorption was lower but highly significant. In vitro studies of soaking, germination and the addition of phytase have shown that the phytate content of cereals should be reduced to very low levels to prevent a negative effect on Fe availability (Sandberg & Svanberg, 1991; Svanberg et al. 1993) . These results are also in agreement with recent human absorption studies (Brune et al. 1992) .
Brune et al. (1992) measured Fe absorption from rye or wheat bread fermented in different ways, and having different phytate contents. The Fe absorption ratio from a bread with a phytate-P (sum of IP-3-IP-6) content of 203.5 mg (1159 pmol) was 3.2Y0, while serving a bread containing only 30.7 mg (266 pmol) phytate-P (sum of IP-3-IP-6) enhanced the absorption ratio to 9.2%. These values are in agreement with our observations. Rossander et al. (1990) examined the effect of oat products on non-haem-Fe absorption in human subjects. Fe absorption was compared in continental-type breakfast meals consisting of wheat rolls, orange juice and coffee, and served with or without oat porridge. Except for the addition of milk to the meal, the composition was similar to that of the present study. In the study of Rossander et al. (1990) the phytate-P content of the breakfast containing porridge was 113 mg (608 pmol). The serving of oat porridge reduced the fractional Fe absorption by about 60%, from 12.4% to 5.2Y0, in comparison with reference meals served without oat porridge. In our experiment the Fe absorption from oat porridge with a phytate-P (sum of IP-3-IP-6) content of 452 pmol(83.6 mg) was 4.4 YO and the serving of malted-oat porridge containing 222 pmol (35.5 mg) phytate-P (sum of IP-3-IP-6) enhanced the Fe absorption ratio to 6%. It is difficult however, to compare the results of Rossander et al. (1990) directly with those of the present study, since in our study the phytate content of the porridge was analysed using a method that separates the different inositol phosphates, whereas in the study of Rossander et a2. (1990) the amounts of phytate, as determined by the Association of Official Analytical Chemists' method (Harland & Oberleas, 1986) , also includes partially dephosphorylated isomers of IP-6, and the contribution of these separate fractions to the total phytate-P content cannot be calculated.
The release of inorganic P during soaking under optimal conditions for phytase activity has been used by several investigators in the assay of phytase activity (Bartnik & Szafranska, 1987; Mayer & Poljakoff-Mayber, 1989) . In a previous study in our laboratory (Larsson & Sandberg, 1995) , using the same material as in the present study, we showed that the release of inorganic P was related to the phytate reduction and that the release of P was much higher in malted oats than in untreated oats. In the present study phytate degradation in malted oats was very low after 2 min of cooking in the microwave oven. Rapid absorption and thermal diffusion is achieved with microwaves (Buchta & Svennebrink, 1993) owing to volumetric heating of the porridge, in contrast to surface heating, which might explain the rapid phytase inactivation (compared with conventional cooking). Studies in human subjects (Sandberg et al. 1987; Sandberg & Anderson, 1988) and pigs ) have demonstrated that the cereal phytase activity plays an important role in phytate degradation in the stomach and small intestine. We do not know whether intrinsic phytase activity in malted oats would increase phytate degradation during digestion, but it is possible that processing at lower temperature, keeping phytase active, might be favourable for the total absorption of minerals, in particular as optimal conditions for oat phytase occur at 37" (Larsson & Sandberg, 1992) .
In conclusion, owing to the very high phytate content of oats, which inhibits not only the absorption of Zn but also the absorption of Fe, it must be considered important to find a technological means to overcome this disadvantage. The results of our study indicate that larger amounts of Fe and Zn would be absorbed from oat products prepared from maltedoat flour than from the same products prepared from raw or commercial oats.
